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Abstract

Model order reduction (MOR) is crucial for the design process of integrated circuits. Specifically, the vast
amount of passive RLCk elements in electromagnetic models extracted from physical layouts exacerbates
the extraction time, the storage requirements, and, most critically, the post-layout simulation time of the
analyzed circuits. The MORCIC project aims to overcome this problem by proposing new MOR techniques
that perform better than commercial tools. Experimental evaluation on several analog and mixed-signal
circuits with millions of elements indicates that the proposed methods lead to x5.5 smaller ROMs while

maintaining similar accuracy compared to golden ROMs provided by ANSYS RaptorX™.

1 Introduction

Electromagnetic model extraction plays a key role in the design and analysis of integrated circuits. The
extracted models are simulated to accurately predict the behavior of the passive elements of the design.
Model order reduction (MOR) can reduce the complexity of RLCk models with many elements (>1M) and
ports (>10), while retaining an accurate approximation of the input and output behavior of the circuit [1,
2]. Therefore, the simulation time of complex systems can be radically decreased by constructing reduced-
order models (ROMs) of smaller dimensions that preserve the essential characteristics of the original
models.

MOR methods are distinguished into two main categories. Moment matching (MM) techniques [1] are
preferred due to their computational efficiency. However, they rely on an ad hoc selection of the number
of moments, which correlates the final ROM size with the number of ports. On the other hand, techniques
based on balanced truncation (BT) [2] offer reliable bounds for the approximation error and have no
fundamental limitation to the number of ports they can handle, resulting in more compact ROMs.
Nevertheless, BT applies only to small-scale models since it involves the computationally expensive
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solution of Lyapunov equations [2].

In this work, appropriate performance improvements are explored to overcome the main drawback of the
conventional BT method. To this end, we adopt an efficient low-rank technique based on the extended
Krylov subspace (EKS) for solving the Lyapunov equations. The proposed approach can be integrated into
industrial extraction tools, such as the ANSYS Rap torX™ [3], to obtain more compact ROMs of large-scale
multi-port RLCk models.

2 Background

Consider the modified nodal analysis (MNA) description [4] of an n-node, m-branch (inductive), p-input,
and g-output RLCk circuit in the time domain:

G, E v(t)) G, 0 (ﬁ(t)) _ (B _ (v(t)>
where G,, € R™" (node conductance matrix), C,, € R™" node capacitance matrix), M € R™*™ (branch
inductance matrix), E € R™™ (node-to-branch incidence matrix), V € R" (vector of node voltages),

i € R™ (vector of inductive branch currents), u € RP (vector of input excitations), B; € R™P? (input-to-
node connectivity matrix), y € R? (vector of output measurements), and L1; € R?*™ (node-to-output

connectivity matrix). Moreover, we denote v(t) = (t) ndi(t) = dl(t) . If we now define the model order
t
as N = n + m, the state vector as x(t) = (1;((1:))), and also:
_ (G E _ (G, O _ (B; _
= (—ET o)’ c_(o M), B_(O), L=(; 0

then Eq. (1) can be written in the generalized state-space form, or so-called descriptor form:

dx(t)

C=ar dt

= Gx(t) + Bu(t), y(t) =Lx(t) 2)

The objective of MOR is to produce an equivalent ROM:

ax(t)
dt

Where G, € R™, B € R™P, [ € R%*7, the reduced order r << N, and the output error is bounded as
1y (@) —y(®O)ll, < ellu(t)]|, for given u(t) and small €. The output error bound can be expressed in the
frequency domain as ||7(s) — y(s)l, < €||u(s)]|, via Plancherel’s theorem [5]. If

H(s)=L(sC—-G)™*B, H(s)=L(sC-G)™'B
are the transfer functions of the original model and the ROM, the corresponding output error is:
15(s) = y(®)l2 = ||H(s)u(s) — H()us)|[, < [[H(s) = HES)| lus)l

Where ||. || is the £, matrix norm or H,, norm of a rational transfer function. Thus, to bound this error,
we need to bound the distance between the transfer functions: ||ﬁ(s) — H(s)”oo < €. To achieve this, BT

C = Gx(t) + Bu(t), y(t) =Lx(t) 3

transforms the original model into a ROM with a “balanced” state vector and then truncates the joint
controllability-observability singular values of the system (so-called Hankel singular values) that sum up to
the given threshold g, as described in [2].
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3 MOR by Balanced Truncation
3.1. Initial BT MOR

BT relies on the computation of the controllability Gramian P and observability Gramian Q, which are
calculated as the solutions of the following Lyapunov matrix equations [2]:

(CYOP+P(CI)T =—(C BB, (C'6)TQ+Q(C™16) =-LTL @)

The main steps of the BT procedure are summarized in Algorithm 1. As can be seen, the operations
involved (e.g., the solution of Lyapunov equations and the singular value decomposition [SVD]) are
computationally expensive with complexity O(N3). Moreover, they are applied on dense matrices, since
the Gramians P,Q are dense even if the system matrices C,G,B,L are sparse. Consequently, the significant
computational and memory cost for deriving the ROM hinders the applicability of BT to large-scale models
(with order N over a few thousand states).

Algorithm 1 MOR by balanced truncation
Input: G.C.B.L

Output: G,C,B,L

1: Solve the Lyapunov equations to obtain the Gramian matrices P and Q [0

2: Compute the SVD of the Gramian matrices: P = UpXpVh mt] Q= LQszQ

3 Find the square root of the Gramian matrices: Zp = UPZP and Zg = U{‘:\EO
4: Compute the SVD of the product of the roots: ZOZI’ =uzv’
5. Compute transformation matrices: T.F>< Ny = E_r]x A Urx ZEJ T .

: (Nxr) =ZpV; \X?'zlrx
Gi: Compute ROM: G =T, rx NG, \x” C= T CT N xr)? B = T.nB, L= LTI_\Xr

However, the products (C‘lB)(C_lB)T and LT L have low numerical order compared to N, as p, g << N,
resulting in low-rank Gramian matrices that can be approximated using low-rank techniques. This greatly
reduces the complexity and memory requirements of the solution of the Lyapunov equations and the SVD
analysis, which are now of order k instead of full order N.

3.2. Low-rank BT MOR

The essence of low-rank BT MOR is to iteratively project the Lyapunov Eq. (4) onto a lowerdimensional
Krylov subspace (Kk) [7] and then solve the resulting small-scale equations to obtain low-rank approximate
solutions of Eq. (4). In this work, we exploit the EKS to accelerate the convergence to the final solution [8].
The complete EKS method is presented in Algorithm 2.

Algorithm 2 Extended Krylov subspace method for low-rank solution of Lyapunov equations

Input: G =C 'G,Be =C 'B (or GE, LT)
Output 7 such that P = ZZ7
I j=1; p=sizecol(Bc)
2. KY' = Orth([Bc, G5 'Be])
3: while j < maziter du
£ A=KYTG:KY; R=KY'B:
5 Solve AX + XAT = —RR" for X € R¥7%

6: if converged then -

7 [U,E,V]=8VDX); Z=KYUuz!?

8 break

0 end if

10: k'_—qu—l‘ k2 = k1 +p; ks = 2pj

11 = [GeKYW (ki +1: k), GZ K'Y (1 ka + 11 ka)]
12: K\—Orth[Kﬂ wort KU

13: Ks = Orth(Kz)

14 K:_r'+1: — _-Kl,-:.Kn]

15 j=j+1

16: end while
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4 Experimental Evaluation

To evaluate the proposed MOR methods, we developed an EDA tool that implements the BT algorithms
presented in Section 3. As depicted in Figure 1, the only input is a configuration file that defines the path
to the MNA matrices along with some parameters. After applying BT MOR, the tool performs DC, transient,
and SP analysis, to compare the ROM to the original model. The output includes the S-parameters and
MNA matrices of the ROM. The cross-platform MORCIC tool was developed in C++ using the CMake
automation sotware. All experiments were executed on a Linux workstation with a 3.60 GHz CPU and 16
GB of memory.

Input MORCIC engine
SiFmvulator
Conliguration Input handiar MOR |Ee { Transient § S-parameter)
fiw [ chg) IMM J BT_init | BT_EKS| .

BS  f5-$5- ™

SVE pg!!r Binary parser Trc!'.ﬂ Parser Output
] T ] Reciced MNA Simulatian errar
=8 |y meatrices in binary [
* =N = or triplet format pcommand-ine
Bl interfaoe
SPHE rextiist fle  BWIRA mafricen in MPLA ralr ke :
Forsit birainy format v iriphet farmsai

SPANMERT Tramsient

S:Plrm_lt % s :I iFT:jﬂE:‘OﬂE anahysis plots
il s}
Figure 1: Software architecture of the MORCIC tool.

4.1 Initial BT MOR

For the evaluation of the initial BT MOR method, we used small-scale RC and RLCk models (i.e., real
transmission lines) extracted by ANSYS RaptorX™ [3], which are presented in Table 1.

Table 1: Small-scale RC and RLCk models of transmission lines

Model | Initial order | #nodes | #resistors | #capacitors | #inductors | #mutual ind. | #ports
RC_1 48 48 202 273 0 1] 2
RC_2 526 526 [T GaT2 0 0 [

RLCE 1 531 RIIEE! ZO0E 1253 PRI 136971 z
RLCE 2 JTEO0 12166 34635 F1131 PIRE 23630237 [

As can be seen in Table 2, the mean relative error (MRE) and maximum relative error (MAX RE) for the DC
analysis are lower than 0.61% and 0.62%, respectively. As for the SP analysis, MRE remains under 0.73%
while MAX RE is below 1.89%. The reduction percentage to achieve accurate results is within 65-87%.
However, considering the runtime and memory overhead of the initial method, its application on large-
scale models is practically infeasible.

4.2 Low-rank BT MOR

To validate the accuracy and performance of the low-rank BT MOR method, we designed disparate circuits
in the GlobalFoundries 22 nm FDSOI technology and extracted the corresponding large-scale RLCk models
using RaptorX™ [3]. The choice of the benchmark circuits is driven by their diversity and therefore,
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Table 2: Evaluation of ROMs generated by the initial BT MOR against the original models

| Model || ROM | Reduction SP analysis Reduction || Memary ‘
order (%) TRE (7] } (7% / time (GB)
RC_1 17 64,58 0.54 0.55 0.73 0.78 0.04 5 0.01
RC_2 93 82.32 0.08 0.17 0.32 0.43 251 s 0.09
RLCk_1 1131 T9.18 0.61 0.62 0.25 1.89 1.12 h. 7.24
RLCE 2 [| 2797 B7.17 0.46 0.61 0.08 1.38 6 days 87.11

different metrics are used to describe their behavior. As shown in Table 3, the evaluated designs include
Hybrid and Wilkinson couplers as well as typical transceiver blocks like low-noise-amplifiers (LNAs) and
oscillators, where the metrics of interest are the reflection coefficients and performance (gain, noise,
linearity). In our experiments, we utilized the MORCIC tool to generate ROMs with target accuracy
comparable to RaptorX™.

Table 3: Large-scale RLCk models and metrics of interest for the designed circuits

Initial Mutual Simulated
Block/DUT Order Ports inductors Metrics
Hybrid Coupler @25GHz 134710 5 7001243 S-parameters of coupler as:
Hybrid Coupler @56GHz 98024 5 52363149 power splitter & divider
Wilkinson Coupler @28GHz 129087 4 259462454  S-parameters of coupler as:
Wilkinson Coupler @56GHz 100888 4 193641938  power splitter & divider
VGA @25GHz 95189 13 40230583 S-parameters, attenuation
VOO @i13GHz 104367 4 TO445484 Spectrum, PN, osc. frequency
LNA Common-Source @56GHz 12857 9 T2832315 S-parameters, gain, CP1dB,
LNA Cascode @285GH:z 162881 11 98585323 ITP3, Noise Figure (NF)

The accuracy evaluation is performed by comparing the ROMs generated by the low-rank BT MOR against
the reference ROMs obtained by RaptorX™, as the simulation of the original extracted models (i.e., full
RLCk netlists) is infeasible. The evaluated metrics for the Hybrid and Wilkinson couplers at 28 GHz, both
operating as power splitters, are demonstrated in Figure 2. As can be seen, the S-parameters of the
MORCIC ROMs closely match those of the RaptorX™ ROMs across the frequency range, and most
importantly at the frequency of interest. The insertion-loss error is lower than 0.5 dB, while the respective
phases differ by less than 2 degrees.
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Figure 2: MORCIC vs RaptorX™ ROM accuracy: Hybrid/Wilkinson S-parameters and phases.
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The efficiency of the MORCIC tool against RaptorX™ is demonstrated in Table 4. On average, MORCIC
produces x3.1 more compact ROMs. As the number of ports increases, the advantage of BT is more
evident, with the maximum improvement in ROM order reaching x5.5 for LNACasc 28. Although MORCIC
has higher reduction time and memory requirements compared to RaptorX™, they are still reasonable and
can be significantly improved in future work.

Table 4: MORCIC vs RaptorX™ ROM order and MOR performance

Model Initial ROM order Reduction time (s) Memory (GR)
: order RaptorX™ | MORCIC || RaptorX™ | MORCIC || RaptoeX™ | MORCIC
VGA2S O5180 4744 1040 6T 1037 5.6 ]
Hyhrid_56 08024 1267 397 104 613 3.7 44.1
Wilkinson 56 || 100858 ThHS 320 154 570 38 45.1
VCO_13 104367 107 311 119 673 4.6 442
LNACS 56 125574 2172 716 T4 1237 4.3 40.1
Wilkinson_28 || 1200587 885 302 205 201 390 543
Hybrid 28 134710 TRY 300 217 1032 1 53.2
LNACasc 38 || I62EE] 4768 i 373 PETHH 157 ]
5 Conclusions

In this paper, we present efficient BT MOR techniques to reduce electromagnetic RLCk models. The
accuracy of the proposed methods has been evaluated across diverse benchmark circuits, such as the
Hybrid/Wilkinson couplers, primarily comparing their S-parameters. Experimental results demonstrate
that our low-rank BT MOR approach achieves sufficient accuracy while providing ROMs that are up to x5.5
smaller than the ROMs obtained by ANSYS RaptorX™.
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